Abstract: Inductive power transfer technology is now widely used to provide power into various devices, such as battery based vehicles, implant devices, portable equipment etc. Despite the rapid development of power electronics components, inductive power transfer technology still has some drawbacks. The output power is vulnerable to the magnetic coupling efficiency of two coils. If misalignment and displacement of the coils occur the output power can drop sharply. This study proposes a new design that can transfer rated power at various coupling coefficients. The characteristics of the proposed topology are discussed. All discussions and conclusions are obtained for the condition that the coil self-inductance remains unchanged during misalignment. Analytical and experimental results are presented in this article, to support the proposed design.
Introduction
Inductive power transfer (IPT) is a contact-less method to transmit electrical energy without any mechanical contact between two magnetic coils. It is designed to send power from the primary winding to the secondary winding by using a transient magnetic field. Nowadays, with the enormous development of modern power electronics, IPT techniques are applied more efficiently. The fundamental principle that the IPT system is based on, which is also used in conventional transformers, is the well-known electromagnetic theory. Yet IPT has some inherent advantages. Since the transmitter and the receiver are electrically isolated and completely sealed, power can be delivered without any safety risks and reliability issues in harsh environments. In addition, the coupled coils are separated from each other making the power transmission more flexible, mobile and convenient. The IPT system has been applied to many kinds of movable occasions such as implant devices [1] [2] [3] [4] and portable equipment [5] [6] [7] , rail systems [8] [9] [10] .
Compared with the traditional transformer system, the structure and feature of the magnetic coupling device for an IPT system are very different. The severe and sensitive coupling condition is a ubiquitous problem in IPT systems. Commonly, IPT systems might be classified as track-based systems and concentrated coil system according to the designed of primary side [11] . The transmitter coil of track-based system is often an elongated coil distributed as a track and one or more receiver coils that usually appear as sliding transformers are coupled to it [12] . The track design was firstly introduced to continuously power a moving electric vehicle (EV) [8, [13] [14] [15] . In this type of system, the power will be transferred when pickups move along the track. Power transfer of these systems is very sensitive to lateral misalignment. Some methods have been developed to increase the tolerance of lateral misalignment of such IPT systems, including special track design [10, 16] and multi-phase systems [17, 18] .
The concentrated coil system often has a better coupling condition, tuning condition and electromagnetic compatibility (EMC). This kind of system is widely used in portable devices [5] , stationary battery charging and some segmented roadbed systems [19, 20] . In practical systems, transmitter and receiver are often shaped as disc or square coil and the position of the transmitter and receiver is relatively fixed on working condition [11, 21] . As the horizontal and vertical misalignment of secondary coil increase, the power transfer drops [22, 23] . In this circumstance, The power can only be transferred when the transmitter coil and secondary coil are exactly aligned and certain coupling coefficient is attained [11] .
In paper [6, 7, 24] , coil arrays are adopted to overcome this problem. The charging platform performs as a position free system. Yet, this approach is only used in portable device battery charging instead of high power systems because of its complexity in mechanism and control strategy. In [25] the authors introduce a hybrid structure for planar charging platform. This structure can produce an even magnetic flux distribution resulting a high misalignment.
Frequency control method is used in [26, 27 ] to achieve a good tolerance of air gap or lateral misalignment. Resulting in this control method, the system works on resonance condition while the coupling coefficient is changing. Authors of paper [28] present a compensation topology for high misalignment application.
In this paper, a concept of compensation topology for high misalignment IPT system without shielding method and ferrite is proposed. By selecting appropriate compensation capacitor values, the IPT system can obtain good misalignment behaviour. The potential usage of this system is underwater vehicles where humans are not present. Shielding method and ferrite object are not necessary and open coil structures can be used in this situation. As such, the variation in self-inductance of coils are assumed to be negligible. The underwater environment and other factors can have different effects upon the system. However, the research of these effects is beyond the scope of this paper. This paper is organised as follows: Section 2 introduces the basic theory and topologies of the IPT system; the concept of topology design is introduced and examined in Section 3; the calculated and experimental results are discussed in Section 4.
Overview of IPT
Most IPT systems consist of two different parts: the transmitter and the receiver. Typically the transmitter contains a power inverter network operating at the resonant frequency and supplying current for the compensated coil or track (Fig. 1) . The power inverter changes direct current (DC) to alternating current (AC) at high
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Research Article frequency. Commonly, the preferred inverter network is half bridge topology or full-bridge topology. For the full-bridge topology, the inverter is built with four switches (S1, S2, S3, S4) as shown in Fig. 2 . By alternately closing switch pair (S1, S4) and pair (S2, S3), AC voltage is produced. After the band-pass filter L f C f , sinusoidal voltage will be supplied to the resonant tank. To prevent short circuit of the input voltage source, S1 and S2 should never be closed at the same time. The same principle applies to switch S3 and S4.
The receiver comprises of receiver coil, resonant circuit, rectifier circuit, filter circuit and load module. Resonant circuit has the same function as on the transmitter side. The rectifier converts the induced AC to DC, which is suitable for the load. The filter circuit is designed to remove the AC ripe remaining in the output.
The two most important electromagnetic units in IPT system are the transmitter coil and the receiver coil. The effectiveness of two coil's magnetic geometries is reflected by the coupling factor k [29] . Which is defined as
where M is the mutual inductance between primary coil and secondary coil. L p , L s are self-inductance of primary and secondary side, respectively.
The power capability of the system is highly dependent on coupling factor. Unfortunately, a large air gap often exists between transmitter coil and receiver coil. This phenomenon leads to a very poor coupling condition. As a result, the leakage inductance are much larger than magnetic inductance causing large excitation current and high winding losses. What is more, the EMC also becomes an issue because of the high leakage flux.
Basic topologies
To minimise the voltage-ampere rating of supply and improve the power transfer capability, compensation circuits are needed in the primary and secondary side of IPT systems. A lot of effort has been spent on compensation circuit topology. Using the combination of series and parallel compensation in primary and secondary side, four basic topologies were developed [30] . These four basic compensation topologies are SS, SP, PP and PS compensation. Fig. 3 shows the configuration of four basic topologies. In these four compensation topologies, the secondary capacitors are often chosen to resonate with coil inductance at high frequency while primary compensation capacitors to guarantee the primary zero phase angle (ZPA) condition.
Generally, secondary with series compensation represent voltage source characteristics and reflect no reactance to primary. Parallel compensated Secondary has current source features and the primary side has capacitive reactance reflected from secondary [30] . For series compensated primary system, the primary current will surge when secondary is uncoupled to primary makes the system unstable. The output power of primary parallel compensated system is highly dependent on coupling condition [28] .
Furthermore, the output voltage of fully tuned SS topology is independent with the coupling condition. However, the system will be extremely unstable. Some systems use frequency shift control methods to maintain system stability [26] . Note that, A SS leakage inductance compensation which can be designed independent of the load is also used in many IPT systems [26, 31] . The parallelparallel topology have higher impedance in primary and secondary side and better stability [32] .
Special topologies
In practice, special compensation topologies are proposed for different applications. A unity power factor (UPF) compensation topology for high power IPT pickup is presented in paper [33, 34] . The UPF pickup uses a series-parallel topology called LCL circuit. It reflects no reactance to the track and reduce rectifier switching losses and resistive losses in the pickup winding owing to the soft-switching circuit characteristic.
Lee et al., [19] propose a new topology appropriate for roadbed wireless charging. In this system, the transmitter coil is series compensated and LCC receiver is series-parallel compensated. This topology is designed to automatically control the main circuit current as receivers are uncoupling with the transmitter. The system can use a single inverter to power multiple primary coil segments in parallel with low inverter losses resulting from the constraint of the main branch current of the segmented primary coils.
In paper [35] , a full-bridge LCL resonant converter is proposed to achieve soft switching with the help of circuit parasitics. Authors of paper [36] [37] [38] [39] also have a further discussion of this topology. In paper [37, 40] , LCL resonant converter is considered to be a current supply sources. Inductor-capacitor-inductor (LCL) circuit topology is also used in a polyphase roadbed IPT system [16] and EV V2G system [41] .
An SPS topology is employed in paper [28] to improve misalignment on IPT systems. A special circuit in paper [42] is proposed for EV charging. An IPT system with the capability of bi-directional power flow is presented in paper [43] . This system can transfer power from one side to another in both directions. In paper [44] , the impact of coupling variations and reflected impedance on an IPT system and processing method are fully investigated. Fig. 2 shows the structure of the proposed system using PSS topology which is also used in many other systems [44, 45] . L p represents the primary coil inductance. L s represents the secondary coil inductance. M is the mutual inductance between the primary coil and the secondary coil. In primary side, the coil is compensated by two coils: C ps in series and C pp in parallel. The capacitor C ps is adopted to compensate the leakage inductance. The parallel capacitor can reduce the current rating in main circuit. L f and C f are filter inductance and filter capacitor. L f and C f can eliminate the high order current harmonics. In secondary side, the capacitor C s and secondary inductance L s is connected in series. Capacitor C s is fully resonance with inductance L s , then the reactance of secondary side is zero.
Design considerations

Capacitor selection
The selection of compensation capacitors C pp , C ps , C s are discussed in this section. Capacitor C s should be selected to make sure that the impedance reflected to primary side is purely resistive. Hence, we have
From the equation, we can choose the capacitance as
L s is the secondary coil inductance. ω 0 represents the system angular frequency which is pre-selected and is derived from the resonance frequency f 0
Based on paper [30] , the value of capacitor C ps in conventional series-series compensation topology named C ′ ps is determined as follow
In the proposed topology, we did not choose C ′ ps as the primary series compensation capacitor, instead, we chose series compensation capacitor using principles which can be called 'partly compensate'
where a is an auxiliary parameter and constrained by inequality 0 < a < 1.
The equivalent circuit of the proposed topology is illustrated in Fig. 4 . Z r is the impedance reflected from the compensated secondary winding. Z p is the winding impedance after partly series compensation. Z p can be derived as
= jv 0 aL p + r p (8) where r p is the parasitic in primary side. It is obvious that Z p is inductive when using partly compensation capacitor C ps . The impedance reflected from the secondary side is Z r
where M = k L p L s . r s is the secondary parasitic resistance. R eq is the equivalent resistance of the full-bridge rectifier with capacitive filter and the load. If the load is a DC resistor, the relationship between R 0 and R eq can be described as [46] R eq = 8
The filter formed by L f and C f is adopted to eliminate the high order current harmonics, the selection of two components should follow v 2 o L f C f = 1. The impedance of the filter in selected frequency will be jω 0 L f + (1/jω 0 C f ) which is equal to zero. Furthermore, the impedance seen by source can be calculated as
When two coils are exactly in position, the main circuit should be working in ZPA condition. Selecting a suitable C pp , we can guarantee that the reactance of Z source is zero. According to (6) , (7), (9)- (11), C pp will be given by
The value of M max is achieved when two coils are precisely aligned (the coupling coefficient k reaches a peak). Parasitic resistance r p and r s are ignored in the calculation process.
Misalignment consideration
Assuming the parasitic resistance r p and r s is zero in this section, we can derive the output voltage transferred to the load R 0 from Fig. 4 as
where i p is primary branch current as shown in Fig. 4 . Since bandpass filter L f C f works on resonance condition, i p can be calculated using (7), (9), (11), (12) as
Substituting (14) into (13), we have
Substituting (1) into (15), the voltage transfer ratio G(k) can be expressed as
Then, we have the simplified voltage transfer function
where
The derivative of G(k) respective to k is written as
It is obvious that G(k) obtains the maximum when g = 0. The value of the peak point is k 0 .
The maximum of voltage transfer ratio is named
The output voltage u out is proportional to G(k) when v in is fixed. Therefore the ratio of output voltage to its maximum will be equal to the ratio of G(k) to G(k)| max . Through the ratio, output voltage drop when misalignment happens can be investigated. The ratio is defined as By introducing an auxiliary parameter 0 < ζ < 1, output voltage u out can be designed to be always larger than ζ·u out | max for a specific coupling range [k min , k max ]. In this condition, the following inequality should be satisfied z , 2k 2 0
By solving (24) , the boundaries of coupling coefficient can be given as
The maximum variation rate of k will be
To give a better understanding of this, we take k 0 = 0.2, ζ = 0.95 as an example. When this set of parameters is given, k min and k max are calculated as 0.1588 and 0.2518. That means the output voltage drop will be less than 5% as k varies in [0.1588, 0.2518]. The variation interval of k can up to 36.9% of the total interval when voltage are guaranteed and no specific control is installed as shown in Fig. 6a . In practice, we need to choose an appropriate k 0 for the different coupling condition. When k 0 is decided, the curve of output voltage drop will be determined. The maximum of voltage gain G (k)| max has relationship to q and b which means the maximum output voltage is determined by q and b when v in is a constant. Therefore an appropriate q and b should be selected for different power condition. Fig. 6 shows that G(k)| max decreases as q increases.
Input phase angle
In this study, we employ a full-bridge as inverter topology and inductive circuit will result in soft switching inverter and better efficiency [46] . The main circuit should be designed to achieve an inductive impedance which means that the AC voltage should lead the inverter current.
When using the compensation capacitors in Section 3.1, the real part of Z source can be calculated as
the imaginary of Z source is
The phase of the impedance which is given the symbol θ is determined through the following relations
Substituting (28)- (30) u = 180
where M = k L p L s and M max is the mutual inductance of maximum k. Eventually, we have
where k 0 is defined in (21) Section 3.2 and When k 0 is equal to 0.2 and k max is equal to 0.25, phase angle θ will result in Fig. 7 . From the picture we can see that the angle of impedance has been always positive, then, providing a soft switching condition.
Efficiency analysis
System efficiency is a very important aspect of system design. Equivalent circuit of the proposed system is depicted in Fig. 8 .
The total power losses caused by parasitic can be calculated as
The output power can be expressed as
It is known that
Considering only parasitic resistance loss, the efficiency of the system η can be calculated as h = P out P loss + P out (38) Substituting (33)- (38), η is given by (see (39) ) The inductance of L p and L s are assumed to be constant in the analysis of this article. However, the change in relative position between primary and secondary can result in the variations in the magnetic coupling and self-inductance [44, 47] . These changes may result in a drop in efficiency within the system.
Experiment
Coil geometry
The coupling transformer is one of the most important components in IPT system. Mostly, transformer structure and geometry are determined and manufactured for specified applications. The coupling coils often have to meet the requirements of applications such as: power level, dimensional limitation, EMC and efficiency. The concentrated coil system used in EV should use shielding method and ferrite to protect the passengers and improve the quality of the system [11] . The shielding also prevent the system from interacting with other structures [21] . Design and optimisation of circular coils are presented in paper [48] . An experimental coil design of this paper is specified in this section. The adopted coil has an annular geometry with no core. If shielding and ferrite are used, the influence of variations in the magnetic coupling and self-inductance should be considered. In our experimental system, the secondary coil and primary coil are identical. Its outer diameter D and inner diameter d is determined to be D = 140 mm, d = 40 mm. The thickness th is 2 mm. Two winding are assembled with Litz wire (100 × 0.1 mm) in 34 turns. As shown in Fig. 9 , g denotes the air gap between primary coil and secondary coil and x denotes the horizontal misalignment of the receiver coil (Fig. 10) .
Two common factors that affect the magnetic coupling are lateral misalignment and air gap. Usually, self-inductance and mutual inductance of two coils are obtained by finite element analysis tool for its simplification. Figs. 10a and b show simulated mutual inductance of two coils with different misalignment x and air gap g, respectively. The air gap g is 40 mm when lateral misalignment various. Self-inductance of two coils are measured as L p = 96 uH and L s = 95.8 uH.
Circuit parameters
According to the coil design of the experimental system, the maximum of the coupling coefficient is 0.25. Then, k 0 is selected 
to be 0.2 by (21) in Section 3.2. When k 0 is fixed, q will be selected for power condition. As we discussed before, k 0 is related to b and q.
After we select suitable values of parameter k 0 and q, parameter b will be affirmative. In out experimental system, secondary coil and primary coil are identical, parameter b is equal to parameter a. Parameter b and q are determined by L p , L s , C ps , R. By choosing appropriate circuit parameters, k 0 and q will be appropriate for the application. In the experimental prototype parameters are selected as: q = 6, k 0 = 0.2, b = a = 0.25. Table 1 gives electronic components and other parameters of the prototype.
Results
The measured and simulated output voltage v out when lateral misalignment x varies are illustrated in Fig. 11a . The air gap between two coils is maintained at 40 mm for different lateral misalignment x. As shown in the experimental curves, the output voltage slightly increases and arrives its maximum value with a lateral misalignment of 30 mm. It is worth nothing that the maximum lateral misalignment can up to 30% of coil diameter D showing a good position tolerance and validating the applicability of the proposed concept. Fig. 11b shows the measured and simulated results of varying gap g with a zero lateral misalignment. As air gap increasing, the output increases. After that, the decrease in voltage is relatively linear for air gap varying from 60 to 120 mm. The RMS current of primary coil for different misalignment is presented in Fig. 11c . The current of primary coil maintains nearly constant when misalignment larger than 60 mm, owing to the sharp decrease of reflected impedance of secondary side. The wave form of main circuit in nominal position and maximum misalignment position is shown in Fig. 12 . The figure shows an slight increase in current, and a growth in phase angle between voltage and current according to Fig. 7 .
Conclusion
A new concept of compensation topology has been presented in this paper to improve misalignment tolerance in IPT system with open coil structures. The detailed analysis of voltage transfer ratio, input phase angle and efficiency about this new concept of compensation is presented in this paper. The circuit parameters are selected for high lateral misalignment of secondary coil. The variation interval of coupling coefficient k can go up to 36.9% of the total interval when voltage are guaranteed and no specific control is installed. A system experiment has been conducted to test the effectiveness of the compensation concept. The simulated and measured results further demonstrate the effectiveness of the proposed topology for underwater vehicles.
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